It has become widely accepted that along with its ability to directly regulate gene expression, estradiol also influences cell signaling and brain function via rapid membrane-initiated events. Many of these novel signaling processes are dependent on estrogen receptors (ERs) localized to the neuronal membrane. However, the mechanism(s) by which ERs are able to trigger cell signaling when targeted to the neuronal membrane surface has yet to be determined. In hippocampal neurons, we find that caveolin proteins are essential for the regulation of CREB (cAMP response element-binding protein) phosphorylation after estradiol activation of metabotropic glutamate receptor (mGluR) signaling. Furthermore, caveolin-1 (CAV1) and CAV3 differentially regulate the ability of estradiol to activate two discrete signaling pathways. ER␣ activation of mGluR1a is dependent on CAV1, whereas CAV3 is necessary for ER␣ and ER␤ activation of mGluR2/3. These results are consistent with previous reports in non-neuronal cells, implicating the importance of caveolin proteins in rapid estrogen signaling. In addition, the functional isolation of distinct estrogen-sensitive signaling pathways by different caveolin proteins suggests novel mechanisms through which the membrane-initiated effects of estradiol are orchestrated.
Introduction
Estradiol elicits changes in gene expression through binding of its cognate receptors. Estradiol can act on two distinct intracellular receptors, estrogen receptor ␣ (ER␣) and ER␤, both of which mechanistically operate as ligand-activated transcription factors (Couse and Korach, 1999; Klinge, 2001) . In addition to its genomic actions, estradiol has also been shown to exert various effects on cell function via rapid, membrane-initiated events (McEwen and Alves, 1999) . A number of mechanisms underlying rapid estrogen action have been described Toran-Allerand et al., 2002; Qiu et al., 2003; Revankar et al., 2005; Vasudevan et al., 2005; Wu et al., 2005) , including the steroid binding to membrane-localized ER␣ and ER␤ (Razandi et al., 1999; Watson et al., 1999; Belcher and Zsarnovszky, 2001; Wade et al., 2001; Levin, 2002; Abraham et al., 2004) .
We have recently characterized in hippocampal neurons two distinct intracellular signaling pathways that, while activated by estradiol at the neuronal membrane, ultimately lead to regulation of the transcription factor cAMP response element-binding protein (CREB) (Boulware et al., 2005) . The first pathway involves ER␣ activation of metabotropic glutamate receptor 1a (mGluR1a), leading to mitogen-activated protein kinase (MAPK)-dependent CREB phosphorylation. The second pathway involves ER␣ and ER␤ activation of mGluR2/3 signaling, resulting in a decrement of L-type calcium channel-mediated CREB phosphorylation. Although we have outlined these signaling pathways in detail, it is unclear how ER␣ and ER␤ are localized to the neuronal membrane surface to initiate these responses.
In non-neuronal cells, membrane-localized ERs have been shown to localize within caveolae, distinct subcellular compartments within the plasma membrane (Kim et al., 1999; Chambliss et al., 2000) . There are three caveolin isoforms (CAV1-3), which are not only crucial for the structural integrity of caveolae but also aid in the anchoring and compartmentalization of assorted signaling molecules (Krajewska and Maslowska, 2004; Williams and Lisanti, 2004) . Outside the nervous system, ER␣ was demonstrated to physically interact with CAV1 (Schlegel et al., 1999 (Schlegel et al., , 2001 ; this interaction was necessary for the trafficking of ER␣ to the membrane surface (Razandi et al., 2002) . A putative role for caveolin proteins in neuronal estrogen signaling is particularly intriguing because caveolae have been demonstrated to take part in the localization and functioning of mGluRs and L-type calcium channels (Burgueno et al., 2004; Balijepalli et al., 2006; Couchoux et al., 2007) , key players in our model of estrogen action within the hippocampus.
Recent studies have confirmed the expression of caveolins in brain (Cameron et al., 1997; Galbiati et al., 1998; Ikezu et al., 1998b; Mikol et al., 1999) and have been linked to the regulation of various neuronal processes, including hippocampal plasticity (Braun and Madison, 2000; Gaudreault et al., 2005) . With this in mind, we sought to determine whether, in hippocampal neurons, caveolin proteins play a critical role in the membrane-initiated effects of ER␣ and ER␤. We present data that CAV1 is required for ER␣-mGluR1a signaling. In contrast, CAV3 is essential for ER␣/ER␤ coupling to mGluR2/3. These results indicate an essential role for caveolins in the membrane-initiated actions of estradiol within the nervous system.
Materials and Methods
Cell culture. CA3-CA1 hippocampal pyramidal neurons were cultured from female 1-to 2-d-old rat pups as described previously (Mermelstein et al., 2000) , using a protocol approved by the Animal Care and Use Committee at the University of Minnesota. Chemicals were purchased from Sigma (St. Louis, MO) unless stated otherwise. Following decapitation, the CA3-CA1 region of the hippocampus was isolated after removal of the dentate gyrus in ice-cold modified HBSS containing 20% fetal bovine serum (FBS; HyClone, Logan, UT) and (in mM) 4.2 NaHCO 3 and 1 HEPES, pH 7.35, 300 mOsm. The tissue was then washed and digested for 5 min in a trypsin solution (type XI; 10 mg/ml) containing 137 mM NaCl, 5 mM KCl, 7 mM Na 2 HPO 4 , 25 mM HEPES, and 1500 U of DNase, pH 7.2, 300 mOsm. After additional washes, tissue was dissociated and pelleted twice by centrifugation (180 ϫ g for 10 min) to remove contaminants. Cells were then plated (ϳ6.4 ϫ 10 4 viable cells/well) onto 10 mm coverslips (treated with Matrigel to promote adherence; BD Biosciences, San Jose, CA) and incubated for 15 min at room temperature. Two milliliters of minimum essential medium (MEM; Invitrogen, Grand Island, NY) containing 28 mM glucose, 2.4 mM NaHCO 3 , 0.0013 mM transferrin (Calbiochem, La Jolla, CA), 2 mM glutamine, and 0.0042 mM insulin with 1% B-27 supplement (Invitrogen) and 10% FBS, pH 7.35, 300 mOsm, were added to each coverslip. To inhibit glial growth, 1 ml of medium was replaced with a solution containing 4 M cytosine 1-␤-Darabinofuranoside and 5% FBS 24 h after plating. Seventy-two hours later, 1 ml of medium was replaced with modified MEM solution containing 5% FBS. Gentamicin (2 g/ml; Invitrogen) was added to all media solutions to eliminate bacterial growth.
Drugs. The drugs used were as follows: 17␤-estradiol (1 nM); tetrodotoxin (TTX; 1 M); D(Ϫ)-2-amino-5-phosphonopentanoic acid (AP-5; 25 M; Tocris, Ellisville, MO); (RS)-3,5-dihydroxyphenylglycine (DHPG; 50 M; Tocris); (2 R,4 R)-4-aminopyrrolidine-2,4-dicarboxylate (APDC; 10 M; Tocris); 4,4Ј,4Ј-(4-propyl-[1 H]-pyrazole-1,3,5-triyl)trisphenol (PPT; 1 nM; Tocris); 2,3-bis(4-hydroxyphenyl)-propionitrile (DPN; 10 nM; Tocris); and 2-methyl-6-(phenylethynyl)pyridine hydrochloride (MPEP; 5 M; Tocris).
PCR. Detection of caveolin proteins in hippocampal cultures was performed using standard procedures. To stabilize mRNA, cultured neurons [8 d in vitro (8 d.i.v.) ] were first placed in RNA later (Qiagen, Valencia, CA). RNA was then isolated using a standard kit (RNAeasy Mini kit; Qiagen), followed by the reverse transcription of the mRNA into cDNA (QuantiTect; Qiagen).
For verification of small interfering RNA (siRNA) efficiency, real-time PCR (qPCR) was used. cDNA was generated as explained above, followed by qPCR amplification using the DyNAmo HS SYBR Green master mix (New England Biolabs, Ipswich, MA). All qPCRs were performed and analyzed using the DNA Engine Opticon 2 (Bio-Rad, Hercules, CA) and standardized to ␤-actin. The critical cycle threshold was set at 10 SDs above baseline. PCRs for individual cDNA samples were performed in triplicate, and overall experiments were repeated at least twice. The thermal cycling program included an initial denaturing step at 95°C for 15 min, followed by 45 cycles consisting of a 10 s denaturing step at 94°C, annealing for 30 s at 60°C (56°C for CAV1), and extension for 30 s at 72°C. After each extension, fluorescent intensity was measured at 75°C.
The upper and lower primer sequences for CAV1 (GenBank accession number NM_031556) were 5Ј-GCAGTTGTACCGTGCATCAAGAG-3Ј (nucleotides 385-407) and 5Ј-CGGATATTGCTGAATATCTTGCC-3Ј (nucleotides 490 -512), yielding a predicted product size of 127 bp. Primer sequences for CAV2 (GenBank accession number NM_131914) were 5Ј-CCTCACCAGCTCAACTCTCATCTC-3Ј (nucleotides 124 -147) and 5Ј-CAGATGTGCAGACAGCTGAGG-3Ј (nucleotides 318 -338), yielding a predicted product size of 214 bp. The primer sequences for CAV3 (GenBank accession number NM_019155) were 5Ј-GGAGATAGACTTGGTGAACAGAGA-3Ј (nucleotides 60 -83) and 5Ј-CAGGGCCAGTGGAACACC-3Ј (nucleotides 241-258), yielding a predicted product of size 198 bp. The primers used for ␤-actin were (GenBank accession number NM_03144) 5Ј-AGGCCCCTCTGAAC-CCTAAG-3Ј (nucleotides 120 -139) and 5Ј-CCAGAGGCATA-CAGGGACAAC-3Ј (nucleotides 217-238), yielding a predicted product size of 118 bp. All PCR primers were synthesized by Operon (Huntsville, AL). PCR products were sequenced for verification.
Western blot. Cells were lysed with buffer containing 62.5 mM Tris, 2% SDS, 10% sucrose, and a protease inhibitor mixture (Complete Mini EDTA-free; Roche, Indianapolis, IN). The lysate was kept on ice for 5 min, followed by brief vortexing and a 5 min sonication. The lysates were then heated at 95°C for 5 min with lithium dodecyl sulfate loading buffer (25% of total volume) and ␤-mercaptoethanol (10% of total volume). Proteins were separated on a 4 -12% Bis-Tris gel (Invitrogen), followed by transfer to a nitrocellulose membrane. A Tris-buffered saline (TBS) solution containing 10% milk and 1% BSA was used to block the membranes (1 h, room temperature) before incubating them overnight at 4°C with the appropriate antibody (in TBS solution containing 1% milk, 1% BSA, and 0.1% Tween 20). Primary antibodies used were against CAV1 (1:200; BD Biosciences), CAV2 (1:200; BD Biosciences), CAV3 (1:200; BD Biosciences), and flotillin (1:25,000; BD Biosciences). The following day, the membrane was washed for 1 h with a TBS solution containing 0.1% Tween 20 and incubated for 1 h with a secondary antibody conjugated to horseradish peroxidase (1:12,500; Pierce, Rockford, IL). After another 1 h wash period, the membrane was incubated in a chemiluminescent substrate (Super Signal; Pierce) and exposed to X-Omat XB-1 film (Kodak, Rochester, NY). Experiments were repeated to verify results.
DNA constructs. The enhanced green fluorescent protein (EGFP)-tagged mutant ER␣ (S522A) was provided by E. R. Levin (University of California, Irvine, CA). The EGFP-tagged CAV1 clone was provided by Drs. R. Massol and T. Kirchhausen (Harvard University, Boston, MA). Generation of dominant-negative CAV1 (dnCAV1; P132L substitution) was performed using a QuikChange II site-directed mutagenesis kit (Stratagene, La Jolla, CA). Primers for mutagenesis were 5Ј-CATCTGGGCAGTTGTGCTGTGCATTAAGAGTTTCC-3Ј and 5Ј-GGAAACTCTTAATGCACAGCACAACTGCCCAGATG-3Ј. CAV3 was PCR amplified from rat lung cDNA using the following primers: 5Ј-CCTCACAATGATGACCGAAGAG-3Ј and 5Ј-GCTTTAGCCTT-CCCTTCGCAGC-3Ј. The product was then cloned into a TOPO (Invitrogen) vector, followed by its digestion out with KpnI and XhoI. These sites were then used to insert CAV3 into the pYFP-N vector (provided by R. Y. Tsien, University of California, San Diego). Using techniques similar to creating dnCAV1, generation of dnCAV3 (P104L) was performed using the QuikChange II site-directed mutagenesis kit and the following primers: 5Ј-GGGCCGTGGTGCTCTGCATTAAGAGCTACC-3Ј and 5Ј-GGTAGCTCTTAATGCAGAGCACCACGGCCC-3Ј. All vectors were verified by direct sequencing.
Immunocytochemistry. The immunocytochemistry protocols followed those described previously (Mermelstein et al., 2000; Boulware et al., 2005) . Briefly, cultured hippocampal neurons (9 d.i.v.) were incubated in a Tyrode's solution containing TTX (1 M) and D-AP-5 (25 M) at room temperature for 2.5-3 h, with the solution being replaced halfway through the incubation period. Cell stimulations (and drug exposure durations before fixation) were performed as follows: vehicle (5 min); estradiol (5 min); 20 mM K ϩ (3 min); estradiol and 20 mM K ϩ (5 min estradiol alone followed by 3 min estradiol in 20 mM K ϩ ). mGluR agonists were also applied for 5 min; when required to isolate mGluR1a, the mGluR5 antagonist MPEP was applied 15 min before and during stimulation. Cells were fixed for 20 min after stimulation using ice-cold 4% paraformaldehyde (Electron Microscopy Sciences, Ft. Washington, PA) in PBS containing 4 mM EGTA. After three PBS washes, permeabilization of cells was achieved by a 5 min incubation in a 0.1% Triton X-100 (VWR Scientific, West Chester, PA) solution. After three more washes, cells were blocked at 37°C for 30 min in PBS containing 1% BSA and 2% goat serum (Jackson ImmunoResearch, West Grove, PA). The cells were then incubated at 4°C overnight in block solution containing a monoclonal antibody directed against serine 133 phosphorylated CREB (pCREB; 1:300; Upstate Biotechnology, Lake Placid, NY), and to identify individual cell morphology, a polyclonal antibody targeting microtubuleassociated protein 2 (MAP2; 1:500; Calbiochem). The following day, cells were washed three times and incubated for 1 h at 37°C in block solution containing CY5-and rhodamine RedX-conjugated secondary antibodies for visualization of MAP2 and pCREB, respectively (Jackson ImmunoResearch). After washing off excess secondary antibody, cells were mounted using the antiquenching and mounting medium Citifluor (Ted Pella, Redding, CA). Nuclear fluorescent intensities for pCREB (n ϭ ϳ25 cells per group) were acquired using a Yokogawa (Newnan, GA) spinning-disc confocal system mounted to an Olympus (Tokyo, Japan) IX-70 inverted microscope and attached to a 12-bit digital camera (Hamamatsu Photonics, Hamamatsu City, Japan). Data were quantified using MetaMorph software (version 6.0; Universal Imaging, Downington, PA).
The confocal excitation and detection settings (i.e., laser intensity, image acquisition time, etc.) for each experiment were determined using coverslips stimulated with 20 mM K ϩ . Inter-coverslip variability was accounted for by subjecting two coverslips to each treatment. Data were acquired from coverslips in a random order. For image acquisition, neurons were selected randomly using MAP2 fluorescence, allowing the experimenter to remain blind to pCREB intensities. Images were captured through the approximate midline of each cell. During data analysis, the MAP2 staining was used to draw a region of interest (ROI) outlining the nucleus of each neuron. The ROI was then transferred to the pCREB image, and average fluorescence intensities within the nucleus were recorded. For all experiments, images were background subtracted. Each experiment was performed at least three times to verify results.
Luciferase-based gene reporter assays. Cultured neurons were transfected 8 d.i.v. with a luciferase-based reporter (1 g of DNA per coverslip) of estrogen response element (ERE)-dependent transcription using a calcium phosphate-based method (Deisseroth et al., 1998; Weick et al., 2003) . Once transfected, cells were incubated in serum-free DMEM (Invitrogen) supplemented with insulin-transferrin-selenium-A (ITS; Invitrogen), 1% B-27, and 2 g/ml gentamicin to prevent bacterial growth. The following day, cells were lysed and assayed for luciferase expression using a standard luminometer (Monolight 3010; PharMingen, San Diego, CA). In separate experiments, cultured neurons were cotransfected 8 d.i.v. with ERE-luciferase and either EGFP wild-type ER␣ or EGFP-S522A ER␣. After transfection, cells were again incubated overnight in serum-free DMEM supplemented with ITS, 1% B-27, and 2 g/ml gentamicin to prevent bacterial growth. The next day, transfected neurons were either mock treated or stimulated with 1 nM estradiol for 5 h, followed by their lysis and subjection to an assay for luciferase expression. Experiments were replicated to verify results.
siRNA transfections. All siRNA reagents were obtained from Dharmacon (Lafayette, CO) unless stated otherwise. Cultured hippocampal neurons were cotransfected 7 d.i.v. with ON-TARGETplus SMARTpool siRNAs for rat CAV1, rat CAV3, or control siRNAs against no known gene target, in addition to the siGLO transfection indicator. Transfection protocols followed the manufacturer's instructions, except cells were incubated with 250 l of the transfection mixture and incubated at 37°C for 5 h. After transfection, cells were washed once with DMEM (Invitrogen) before being placed back into their original medium. Based on siGLO fluorescence, Ͼ90% of the cultured cells took up the siRNA. To assay relative changes in mRNA abundance, cells were processed 24 h after transfection for qPCR. For the Western blot and immunocytochemistry experiments, cells were used 48 h after transfection.
Statistics. Immunocytochemistry experiments were analyzed using ANOVAs (F values) and Bonferroni's multiple comparison post hoc tests. Luciferase data were analyzed using a Student's t test. In experiments with a large number of groups, differences in the effect of estradiol before and after experimental treatment are highlighted with arrowed brackets. Statistical differences between all treatment groups are depicted within each figure as different alphabetical characters. Probability values Ͻ0.05 were considered a priori as significant.
Results

Expression of CAV1-3 in hippocampal cultures
Caveolins are the principal scaffolding component of caveolae microdomains in the plasma membrane of various cell types. Although previously thought to be primarily expressed in muscle, epithelial, and endothelial cells, the presence of caveolins in brain has recently been described. With CAV1 necessary for the trafficking and membrane localization of ER ␣ in non-neuronal cells, we sought to determine whether caveolins can also regulate membrane signaling of estrogens in brain. Our initial experiments were to therefore verify the expression of caveolin proteins within cultured hippocampal neurons. PCR analysis of cDNA derived from hippocampal cultures revealed the presence of all three members of the caveolin family (CAV1-3) (Fig. 1 A) , and direct sequencing confirmed the identity of the three PCR products. To verify expression of endogenous caveolin protein in our cultures, cell lysate was subjected to Western blotting. CAV1-3 were all detected, along with the protein flotillin, which was used as a positive control for detection of membrane-associated proteins (Fig. 1 B) .
A single point mutation in ER␣ inhibits estradiol-induced CREB phosphorylation
In hippocampal neurons, stimulation of membrane-localized ERs leads to the glutamate-independent activation of mGluRs (Boulware et al., 2005) . More specifically, activation of ER␣ leads to mGluR1a signaling, ultimately triggering MAPK-dependent CREB phosphorylation. In contrast, estradiol activation of either ER␣ or ER␤ results in mGluR2/3 signaling and subsequent attenuation of L-type calcium channel-dependent CREB phosphory- lation. We sought to determine whether caveolin proteins regulate these two distinct signaling processes. In our initial investigations, hippocampal neurons were transfected with DNA encoding EGFP-tagged ER␣, in which the receptor contained a single amino acid substitution (EGFP-S522A ER␣). In nonneuronal cells, the serine to alanine exchange leads to a decrease in ER␣ membrane localization and disrupts localization with CAV1 (Razandi et al., 2002) . Functionally, this mutant specifically decreases the effects of estrogens on the rapid signaling processes in Chinese hamster ovary (CHO) cells. Conversely, S522A ER␣ acts similar to the wild-type receptor when measuring ERE-driven gene expression (Razandi et al., 2002) . We hypothesized that expression of EGFP-S522A ER␣ in hippocampal neurons would affect the actions of estradiol on CREB phosphorylation.
As described previously, a 5 min application of estradiol (1 nM) results in a significant increase in CREB phosphorylation (Fig. 2 A, open bars) . In contrast, expression of EGFP-S522A ER␣ abolished estradiol-induced CREB phosphorylation (Fig. 2 A,  shaded bars) . The effect of EGFP-S522A ER␣ was specific to estradiol-induced CREB phosphorylation. For example, neurons transfected with EGFP-S522A ER␣ exhibited heightened EREdependent transcription compared with EGFP-transfected controls (Fig. 2 B) . In separate experiments, when compared with the overexpression of wild-type EGFP-tagged ER␣, EGFP-S522A ER␣ was 91.8 Ϯ 14.3% as effective in driving estradiol-mediated ERE-based gene expression.
Intriguingly, EGFP-S522A ER␣ did not alter the actions of estradiol after L-type calcium channel-dependent CREB phosphorylation. In control neurons, a 3 min 20 mM K ϩ depolarization leads to a significant increase in CREB phosphorylation (Fig.  2C ). This effect is attenuated by either estradiol or specific ER␣ (PPT, 1 nM) or ER␤ (DPN, 10 nM) agonists (Fig. 2C, open bars) . Of note, we have previously found that this concentration of DPN does not activate ER␣ under these conditions (Boulware et al., 2005) , consistent with previous reports (Meyers et al., 2001; Escande et al., 2006) . In contrast to its effect on estradiol-induced CREB phosphorylation, EGFP-S522A ER␣ did not inhibit ER signaling on depolarization-induced CREB phosphorylation (Fig. 2C, shaded bars) . This ability to independently regulate these two previously defined estradiol-sensitive signaling pathways became the focus of our remaining experiments.
ER␣-induced activation of mGluR1a is dependent on CAV1
Because the S522A mutant is thought to act as a dominant negative to membrane-initiated estrogen effects, principally because of disruption of ER␣ interactions with CAV1, we next determined whether CAV1 is critical in estradiol-induced CREB phosphorylation. Hippocampal neurons were next transfected with a dominant-negative form of CAV1 (EGFP-dnCAV1). A single amino acid substitution (P132L) in this protein disrupts the proper localization and trafficking of endogenous CAV1 (Lee et al., 2002) . Hippocampal neurons transfected with EGFPdnCAV1 did not exhibit estradiol-induced CREB phosphorylation (Fig. 3A) . In contrast, estradiol still attenuated L-type calcium channel-dependent CREB phosphorylation.
As mentioned, estradiol-induced CREB phosphorylation is mediated via activation of mGluR1a. Previous reports have established both molecular and functional interactions between CAV1 and mGluR1a (Burgueno et al., 2004) . Therefore, an important control was to determine whether EGFPdnCAV1 would influence mGluR1a signaling to CREB. As shown in Figure 3B , neurons transfected with EGFP-dnCAV still exhibited an increase in CREB phosphorylation after a 5 min stimulation with the mGluR1a agonist DHPG (50 M). Because DHPG activates both mGluR1 and mGluR5, cells in this experiment were pretreated with the mGluR5 antagonist MPEP (5 M). These experiments suggest that CAV1 is necessary for ER␣ activation of mGluR1a but not the downstream process of mGluR1a signaling to CREB.
To confirm the observed effects of EGFP-dnCAV1, we implemented an additional experimental approach by introducing siRNAs targeted against CAV1. We first verified the effectiveness of the siRNAs to knockdown CAV1 mRNA. As shown in Figure 4 A, transfection of hippocampal cultures with CAV1 siRNAs led to an ϳ98% loss in CAV1 mRNA compared with cultures transfected with control siRNAs (siControl). Furthermore, we were able to detect a corresponding reduction in CAV1 protein (Fig.  4 B) . Here, flotillin was used as a loading control. Functionally, transfection of CAV1 siRNAs blocked estradiol-induced CREB phosphorylation, whereas estradiol attenuation of L-type calcium channel-dependent CREB phosphorylation was again unaltered (Fig. 4C) . As in the previous figure, we determined whether mGluR1a signaling to CREB was preserved. Consistent with previous findings, knockdown of CAV1 did not affect Figure 2 . A single amino acid substitution in ER␣ disrupts estradiol-dependent CREB phosphorylation without affecting two other actions of estradiol. A, Transfection of cultured hippocampal neurons with EGFP-S522A ER␣, a construct that inhibits CAV1-mediated ER␣ membrane trafficking in non-neuronal cells, blocked estradiol-induced CREB phosphorylation (F ϭ 61.66). B, EGFP-S522A ER␣ activates ERE-dependent transcription (t ϭ 5.87). C, EGFP-S522A ER␣ did not effect estradiol-mediated attenuation of L-type calcium channel-dependent CREB phosphorylation (F ϭ 31.88). Both the ER␣ (PPT, 1 nM) and ER␤ (DPN, 10 nM) agonists were effective in the presence of EGFP-S522A ER␣ to attenuate depolarization-induced CREB phosphorylation. In this and all subsequent figures, alphabetical characters within each bar indicate statistical differences between groups ( p Ͻ 0.05), and differences in the effect of estradiol before and after experimental treatment are indicated by the arrowed brackets. Error bars depict SEM. 17␤E, 17␤-Estradiol. mGluR1a-induced CREB phosphorylation (Fig. 4 D) . As a final control, we examined whether siRNAs against CAV1 would somehow affect CAV3 expression. Knockdown of CAV1 did not significantly alter the expression of CAV3 mRNA (110.9 Ϯ 5.2% vs siControl) or protein (data not shown). Collectively, these results suggest that the expression of CAV1 in hippocampal pyramidal neurons is crucial for ER␣-mGluR1a signaling, underlying estradiol-induced CREB phosphorylation. Additionally, CAV1 does not involve ER␣ and ER␤ coupling to mGluR2/3. Our final experiments were designed to ascertain the mechanism by which this second signaling pathway is controlled.
Estradiol-mediated activation of mGluR2/3 is reliant on CAV3
Individual caveolae are formed by CAV1 or CAV3 (Kirkham et al., 2005) . In cardiac (and skeletal) muscle, L-type calcium channels are localized to CAV3-based caveolae (Balijepalli et al., 2006; Couchoux et al., 2007) . Because estradiol activation of mGluR2/3 results in the attenuation of L-type calcium channel-dependent CREB phosphorylation, we hypothesized that the effects of estrogen in hippocampal neurons on L-type calcium channels is regulated by CAV3. Using similar approaches to those listed above, we next tested this hypothesis.
As with CAV1, a single amino acid substitution (P104L) renders a dominant-negative variant of CAV3 [dnCAV3 (Ohsawa et al., 2004) ]. Expression of enhanced yellow fluorescent protein (EYFP)-dnCAV3 in hippocampal neurons eliminated the effect of estradiol on 20 mM K ϩ depolarization, without altering estradiol-induced CREB phosphorylation (Fig. 5A) . Further- more, the mGluR2/3 agonist APDC (10 M) still attenuated L-type calcium channel CREB phosphorylation (Fig. 5B) , suggesting the actions of EYFP-dnCAV3 were specific to ER␣/ER␤ coupling to mGluR2/3.
To verify the importance of CAV3 in ER␣/ER␤ interactions with mGluR2/3, we once again used siRNA. Transfection with siRNAs targeting CAV3 led to a 96% decrease in CAV3 mRNA and a subsequent loss in CAV3 protein (Fig. 6 A, B) . CAV3 siRNA did not significantly affect CAV1 mRNA (93.7 Ϯ 18.9% vs siControl) or protein expression (data not shown). Furthermore, the reduction in CAV3 expression eliminated the effect of estradiol on L-type calcium channel-mediated CREB phosphorylation (Fig. 6C) . However, under these conditions, depolarization-induced CREB phosphorylation was also attenuated (Balijepalli et al., 2006; Couchoux et al., 2007) . Therefore, as with previous experiments, it was necessary to determine whether agonist-induced activation of mGluR2/3 signaling would still attenuate L-type calcium channeldependent CREB phosphorylation. In neurons transfected with CAV3 siRNAs, APDC attenuated depolarization-induced CREB phosphorylation (Fig. 6 D) . These experiments demonstrate that in hippocampal neurons, CAV3 is essential for ER interactions with mGluR2/3 and signaling to L-type calcium channels, ultimately regulating CREB phosphorylation. As a final experiment, hippocampal neurons were transfected with both sets of siRNAs. As predicted by the previous experiments, inhibition of both CAV1 and CAV3 expression resulted in estradiol having no effect on CREB signaling (Fig. 7) .
Discussion
The influence of estradiol on brain function has classically been conceived as a slow process requiring activation of intracellular receptors. However, recent discoveries have determined that estrogens can also rapidly trigger signaling events, affecting a broad spectrum of neuronal processes by acting at the membrane surface. Many of these membrane signaling events are initiated by membrane-associated ER␣ and ER␤ (for review, see McCarthy, 2004 ). Yet, the mechanism(s) by which these traditionally conceived nuclear receptors act at the neuronal surface has remained a mystery. Here we provide Figure 5 . dnCAV3 inhibits estradiol regulation of L-type calcium channel-dependent CREB phosphorylation. A, Estradiol attenuation of L-type calcium channel-dependent CREB phosphorylation (F ϭ 34.52) was abolished after transfection of EYFP-dnCAV3. Conversely, EYFPdnCAV3 had no effect on estradiol-induced CREB phosphorylation. B, Transfection of dnCAV3 had no effect on APDC-induced attenuation of depolarization-induced CREB phosphorylation (F ϭ 126.0), suggesting that estradiol signaling was being disrupted upstream of mGluR2/3. 17␤E, 17␤-Estradiol. Figure 6 . CAV3 is required for estradiol attenuation of L-type calcium channel-dependent CREB phosphorylation. A, Transfection of hippocampal cultures with siRNAs targeting CAV3 (siCAV3) resulted in an ϳ96% knockdown in CAV3 mRNA. B, CAV3 protein expression was also reduced after transfection of siCAV3. C, Estradiol attenuation of depolarization-induced CREB phosphorylation was absent in siCAV3-transfected neurons (F ϭ 49.11). Notably, depolarization-induced CREB phosphorylation was also attenuated. D, Activation of mGluR2/3 with APDC still reduced L-type calcium channel-dependent CREB phosphorylation after transfection of siCAV3 (F ϭ 104.9), indicating the actions of siCAV3 were specific to the effects of estradiol. 17␤E, data that caveolin proteins are essential for membrane ER activation of mGluR signaling.
Based on our current experiments and previous work described below, we hypothesize that CAV1 is responsible for the trafficking and/or clustering of ER␣ with mGluR1a, whereas CAV3 affords the same role of functionally compartmentalizing ER␣ and ER␤ with mGluR2/3 and L-type calcium channels. However, although our experiments demonstrate the importance of caveolin proteins in ER to mGluR signaling, they do not distinguish the precise mechanism of action. It is also important to note that the dominant-negative and siRNA experiments did not always generate the identical result. For example, depolarization-induced CREB phosphorylation was only affected by siRNAs targeting CAV3. This again suggests some caution when interpreting the data, because multiple signaling systems were most likely affected by the experimental manipulations. As such, our future studies will examine the particular role caveolins play in regulating the membrane actions of estradiol within the CNS.
Along with their function as structural units in the biogenesis of caveolae, caveolin proteins have been demonstrated to play a crucial role in the anchoring and compartmentalization of various signaling molecules within these subcellular compartments (for review, see Williams and Lisanti, 2004) . Both CAV1 and CAV3 independently form caveolae (Kirkham et al., 2005) , whereas CAV2 appears to facilitate the assembly of CAV1-containing caveolae (Scherer et al., 1997; Li et al., 1998; Scheiffele et al., 1998; Das et al., 1999) . Importantly, CAV1 and CAV3 act to form discrete subcellular signaling compartments (Parton et al., 1997) , which may be the basis by which we were able to differentially regulate the two estrogensensitive signaling pathways.
In non-neuronal cells, a biological link has been established between CAV1 and ER␣ (Razandi et al., 2002 (Razandi et al., , 2003 , most notably through the identification of S522A ER␣, also used in the present study. Extensively characterized in CHO and MCF-7 cells, S522A ER␣ acts as a dominant negative against membrane-initiated effects of estradiol, because of its inability to bind CAV1. Transfection of S522A ER␣ led to a significant decrease in membrane-localized ER␣, its colocalization with CAV1, and its effectiveness to stimulate rapid signaling cascades. Interestingly, the mutant ER is still fully functional when measuring ERE-mediated gene expression (Razandi et al., 2003) . Consistent with previous studies, we found S522A ER␣ to block estradiol-induced CREB phosphorylation in hippocampal neurons. Yet, the ability of the ER␣ agonist PPT to still attenuate L-type calcium channel-dependent CREB phosphorylation after expression of S522A ER␣ demonstrates that not all processes initiated by estrogen and ER␣ at the membrane surface will be affected by this construct. This idea was also previously outlined by Acconcia et al. (2005) . Our data also demonstrate that estrogen-dependent signaling reliant on CAV3 is spared and suggest that particular serine residue is not essential for ERs to functionally interact with CAV3. Future experiments will be required to determine whether ER␣ and ER␤ directly bind CAV3 and, if so, the specific structural determinants underlying that interaction.
Various other cell-signaling molecules are reliant on caveolin proteins for proper localization and function. Our results are consistent with previous work suggesting a molecular and functional interaction between CAV1 and mGluR1a (Burgueno et al., 2004) , whereas CAV3 is necessary for the proper localization and functioning of L-type calcium channels (Balijepalli et al., 2006; Couchoux et al., 2007) . Specifically, these data parallel our findings in that CAV1 is essential for ER␣ activation of mGluR1a, leading to MAPK-dependent CREB phosphorylation, whereas CAV3 is necessary for ER␣/ER␤ activation of mGluR2/3, resulting in an attenuation of L-type calcium channel-dependent CREB phosphorylation.
Although our results suggest caveolin proteins play an important role in neuroendocrine function, it was, in fact, only recently that these proteins were identified in brain (Cameron et al., 1997; Galbiati et al., 1998; Ikezu et al., 1998b; Mikol et al., 1999) . Since then, a wealth of information regarding caveolins and their influence on brain function has emerged. Topics include, but are not limited to, caveolin regulation of synaptic strength, motor control, and Alzheimer's disease (Ikezu et al., 1998a; Nishiyama et al., 1999; Braun and Madison, 2000; Arvanitis et al., 2004; Gaudreault et al., 2004; Trushina et al., 2006) . Group I and II mGluRs are also known to be ubiquitously expressed throughout the CNS (Shigemoto and Mizuno, 2000) . Within the hippocampus, mGluRs regulate a variety of processes related to learning and memory (Bashir et al., 1993a,b; Weiler and Greenough, 1993; Lu et al., 1997; Bortolotto et al., 1999; Huber et al., 2000; Raymond et al., 2000) , although mGluRs mediate various other functions when activated in other brain regions (Anwyl, 1999) . Interestingly, many of these processes influenced by both caveolins and mGluRs are also under the regulation of estrogens (McEwen and Alves, 1999) . The functional commonalities between caveolin-, mGluR-, and estrogen-sensitive signaling processes may be through the activation of membrane signaling complexes in which all three take part. Thus, we hypothesize that the regulation of hippocampal CREB phosphorylation is only one of many estrogen-sensitive cellular processes that will ultimately be found to use these signaling proteins. In addition, estrogens directly regulate the expression of caveolins (Zschocke et al., 2002) , providing a secondary level of interaction between the steroid and the scaffolding proteins.
As in our previous study (Boulware et al., 2005) , we have used an in vitro system to delineate two distinct estradiol-sensitive signaling pathways that ultimately lead to the regulation of CREB. Our work follows that of others who have demonstrated this transcription factor to be estrogen sensitive in a variety of model systems (Gu et al., 1996; Zhou et al., 1996; Murphy and Segal, 1997; Wade and Dorsa, 2003; Abizaid et al., 2004; Choi et al., 2004; Lee et al., 2004; Wu et al., 2005; Zhao et al., 2005; Zhou et al., 2005; Szego et al., 2006; Sharma et al., 2007) . Specifically, we found membrane ERs to activate mGluRs, which is dependent on caveolin function. And although our model affords great experimental control, corroboration of our results, especially in vivo, would provide an overall physiological relevance to our findings. A recent study by Dewing et al. (2007) demonstrates that within the arcuate nucleus, ER␣ activation of mGluR1a is essential for the full display of lordosis. In addition, estradiol-induced regulation of L-type calcium channels in both dorsal root ganglia and striatum is dependent on ER activation of mGluR2/3 (Chaban et al., 2007; D. Grove-Strawser and P. G. Mermelstein, unpublished observations) . These results are not only consistent with our findings but also suggest that within different neuronal populations the effects of estradiol may be dependent on one particular signaling pathway. In addition, studies using knock-out mice suggest that ER␤ can also trigger CREB phosphorylation in neurons lacking ER␣ (Abraham et al., 2003) . It would be interesting to determine whether in neurons lacking ER␣, ER␤-induced CREB phosphorylation is also dependent on mGluR1a and CAV1. This would suggest that neurons are capable of using either ER to regulate distinct signaling pathways. Although it is currently unclear what the physiological consequences would be when using ER␣ versus ER␤ to stimulate these signaling cascades, it potentially adds another layer of regulation and complexity to membrane ER function.
In summary, our results demonstrate a pivotal role for caveolin proteins in rapid, membrane-initiated effects of estradiol within the hippocampus. Specifically, CAV1 and CAV3 appear to be responsible for the functional isolation of two distinct signaling pathways that lead to opposing influences on the transcription factor CREB. We hypothesize that this segregation is achieved via CAV1-and CAV3-contaning caveolae, each congregating distinct signaling molecules into functional cellular microdomains. Furthermore, because of the diversity of membrane ER effects throughout the nervous system, as well as overlap between membrane estrogen action and caveolin function, our results may be of importance in more widespread neuroendocrine function.
